OTIC  FILE  COPY  m  A 1 


f 


r- 

ev 

tv 

o 


SECURITY  CLASSIFICATION  OF^THIS  PAGE  (When  Data  Entered)  ^  _  f 


— -  r 

T - - 1 - 

REPORT  DOCUMENTATION  PAGE 

KK AD  INS  I  Kl’(  T  IONS 

HKI-OKK  C  <  All'Ll.  1  INr.  FOKM 

j-lffiSR 

-  _  _  J  _  _  /  1  GOVT  ACCESSION  NO 

•TR-  8  1—^1  6  5 

i  R  Y  C.  1  P I  f  N  T  *  S  CATALOG  NUMBER 

|*  TJ  TuE  (and  SubUUcl 

ANALYTICAL  MODELLING  OF  ^OAD-pEFLECTION 
'  5EHAVI0R  JNTERVERTEBRAL  DISCS  SUBJECTED 
TO  AXIAL  COMPRESSION  BY  J^XACT  PARAMETRIC 
^SOLUTIONS'  OF  KELVIN-SOLID  MODELS  . 

S^TYPL  OP  REPORT  6  PERIOD  COVERED 

Final  ' 

6  PERFORMING  O^G.  REPORT  NuMBER 

8  CONTRACT  OR  GRANT  NUMBER!'.) 

/✓AFOSR-8D-9115 

f/ 

9.  PERFORMING  ORGANI  7  ATION  NAME  AND  AODRESS 

Department  of  Physics 

Tuskegee  Institute 

AL  36088  / 

10  PROGRAM  ELEMENT  PROJECT.  TASK 
AREA  3  ft  0  RK  UNIT  NUMBERS 

&/03LF 

2312 /A 2  ■ 

’ "  '  :  _ 

1.  CONTROLLING  OFFICE  NAME  AND  AODRESS 

Air  Force  Office  of  Scientific  Research/N 
Bolling  AFB ,  D.C.  20332 

iiBMMMHi 

14  MONITORING  AGENCY  NAME  &  A0DRESSO7  different  from  Controllinfi  Qfficc) 

LEW 

15  SECURITY  CLASS  (of  this  report) 

.Jinx:  lass  i.  f  i  ed. 

'5  a  DECLASSIFICATION  DOWNGRADING 
SCHEDULE 

16.  DISTRIBUTION  STATEMENT  (of  this  Report) 

Approved  for  puM  ie  release  ;  ***** 

distribution  unlimited. 

17.  DISTRIBUTION  STATEMENT  (of  the  abstract  entered  in  Block  20,  if  different  from  Report)  ^  „  4  V* 

y)  LA 

IB.  SUPPLEMENTARY  NOTES  *  * 

19.  KEY  WORDS  (Continue  on  reverse  aide  if  necessary  and  Identify  by  block  number) 


Biomechanics,  Bone,  Math,  Modeling 


BO  ABSTRACT  (Continue  on  reverse  side  If  necessary  and  identify  by  block  number) 

Analytical  modelling  of  creep  response  phenomena  of  human  and  rhesus 
monkey  intervertebral  discs  subjected  to  a  constant  axial 
compressive  load  was  performed  by  utilizing  Kelvin-solid  models. 
Results  for  the  three  and  four-parameter  models  were  excellent 
with  an  average  error  for  the  model  predicted  strain  values  from  the 
experimental  data  ranging  from  .465%  to  11.4%  (collective  average 
of  2.314%)  for  the  former  model  and  1.29%  to  19.9%  (collective 
ranging  from  .465  for  the  latter  r^n  u*t a  47-hnman  spbnaJ  segments  ^ 


DD  I  JAN *73  1  473  EOITION  OF  1  NOV  65  IS  OBSOLETE 


Uu-dJ--<T  _ 

SECURITY  CLASSIFICATION  OF  THIS  page  (-HTiffn  0»l»  Entered) 


SECljftlTY  CLASSIFICATION  CF  THIS  PAOEfHTun  Dmlm  F.nltrtd) 

^considered.  The  3-parameter  model  strain  predictions  were  very 
nearly  a  "best  fit"  to  the  experimental  data,  while  the  values  for 
the  mechanical  properties  (Younq's  moduli  and  viscosity 
coefficients)  of  the  4-parameter  model  were  obviously  not  optimize 
to  the  observed  data.  In  spite  of  the  of  the  "lack  of  optimization 
the  results  suqgest  the  latter  model  as  being  more  appropriate  for 
predicting  compressive  creep  behavior  of  human  spinal  segments 
over  the  entire  time  range.  Experimental  datum  from  59-rhesus 
monkey  intervertebral  joints  were  also  analyzed,  but  by  only  the 
2-parameter-solid  model,  v  Results  were  mixed  with  the  averaqe 
error  per  specimen  ranging  from  1.55%^to  35%,  but  by  comparison 
with  the  same  model  predictions  for  the  human  datum,  the  results 
clearly  indicate  superior  results  should  be ’ abta i nabl  e  by  a  3- 
parameter-solid  model  analysis.  Consequently , ^correlation  of  the 
mechanical  properties  and  spinal  bevior  of  human  and  rhesus  monkey 
specimens  appears  possible. which  should  allow  dynamic  vertical 
acceleration  tests  on  rhesus  monkey  specimens  to  give  valuable 
behavior  probability  data  on  human  spinal  columns. 
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ABSTRACT 


Results  cf  analytical  modelling  cf  creep  response  phenomena  of  human  and 
rhesus  monkey  intervertebral  discs  subjected  to  a  constant  axial  cocr. restive  load 
by  utilising  Kelvin-solid  models  are  presented,  experimental  datum  from  forty- 
seven  human  intervertebral  joints  were  analysed  by  2-,  3-,  and  4-parameter- solid 
motels  employing  the  Burr.s-xlaleps  "exact  analysis  scheme".  Results  for  the  three 
and  four-parameter  models  were  excellent  with  an  average  error  for  the  model  pre¬ 
dicted  strain  values  from  the  experimental  data  ranging  from  .4652  to  11. 456  (col¬ 
lective  average  of  2.3I-.2;  for  the  former  model  and  1.29*  to  19.92  (collective 
average  of  c2;  for  the  latter  on  the  47-human  spinal  segments  considered. 

Ir.e  3-ps.ram.eter  model  strain  predictions  were  very  nearly  a  "best  fit"  to  the  ex¬ 
perimental  data,  while  the  values  for  the  mechanical  properties  (Young's  moduli 
ana  viscosity  coefficients)  of  the  4-parameter  model  were  obviously  not  optimized 
to  the  observed  data.  In  spite  of  the  "lack  of  optimization",  the  results  sug¬ 
gest  the  latter  monel  as  being  more  appropriate  for  predicting  compressive  creep 
behavior  of  human  spinal  segments  over  the  entire  time  range.  Experimental  datum 
from  59-rhesus  monkey  intervertebral  joints  were  also  analyzed,  but  by  only  the 
2-parameter- so lie  model.  Results  were  mixed  with  the  average  error  per  specimen 
ranging  frem  1.55%  to  35%,  but  by  comparison  with  the  same  model  predictions  for 
t:.e  human  datum,  the  results  clearly  indicate  superior  results  should  be  obtain¬ 
able  by  a  3“P£-”=^-s“Sr-solid  model  analysis.  Consequently,  correlation  of  the  me¬ 
chanical  properties  and  spinal  behavior  of  human  and  rhesus  monkey  specimens  ap¬ 
pears  possible,  which  should  allow  dynamic  vertical  acceleration  tests  on  rhesus 
monkey  specimens  to  give  valuable  behavior  probability  data  or.  human  spinal  col- 
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RE SEARCH  AREA  AID  OBJECTIVES 

Ar.  understanding  of  the  mechanical  properties  and  behavior  of  the  spinal 
column  is  of  general  interest  to  a  variety  of  researchers.  Cf  particular  interest 
to  this  investigation  and  the  ^FCEB  is  the  biomechanical  modelling  of  human  and 
rnesus  monkey  intervertebral  joint  response  to  constant  axial  compressive  loads, 
v.T.ere  ar.  intervertebral  joint  is  taken  to  be  a  spinal  disc  and  adjoining  vertebrae. 
Kachemson  (196C),  Hirsch  (1965),  and  Rolanrier  (i960,)  performed  experimental  in¬ 
vestigations  to  determine  the  load-deflection  behavior  of  the  intervertebral  disc 
subjected  to  axial  loading.  Kazarian  (1975)  reported  creep  characteristics  for 
human  spinal  segments  subjected  to  a  constant  axial  stress,  where  the  typical 
experimental  data  cf  strain  £(t),  as  illustrated  by  the  dotted  curve  in  Fig.  1, 
was  observed  to  exhibit  behavior  similar  to  that  of  a  Kelvin  solid.  Capitalizing 
cr.  tnis  observation,  Kazarian  and  Kaleps  (1979)  illustrated  the  determination  of 
Young's  moduli  and  a  viscosity  coefficient  fcr  a  three-paramcter-solid  model 
based  or.  Kazarian's  (1975)  data.  Their  method  of  analysis,  which  employed  var¬ 
ious  approximations  and  optimization  schemes,  vras  recently  displaced  by  a  more 
accurate  and  successful  "exact  analysis  scheme"  by  Bums  ana  Kaleps  (I960),  Tne 
latter  scheme  allowed  for  unique  model  identification  by  employing  exact  parameter 
solutions  fcr  the  one-Kelvir-ur.it  model,  the  three-parameter- solid  model,  arc  the 
tv.;  -  j.civir.-urit  model,  with  ar.  illustrated  method  by  which  the  associated  Young's 
moduli  and  viscosity  coefficients  for  an  identified  model  are  calculable. 

Tne  research  supported  by  Grant  No.  A.F05R-E0-0115  has  beer,  concerned  with  the 
modelling  of  compressive  creep  phenomena  of  human  and  rhesus  monkey  intervertebral 
joints  that  are  subjected  to  a  constant  axial  loading.  The  creep  behavior  of 
experimental  strain  data  reported  in  the  literature  by  Leon  E.  Kazarian  (EBB  Branch 
Brief,  V.'r ight-Pactersor.  Air  Force  Base)  ar.d  others  prompted  the  development  of  the 
"extet  analysis  scheme"  by  Marshall  L.  Bums  ir.  clou,  collaboration  with  Ints  Kaleps 
/-ar.ch  Chief,  ;ri rht-Patt er son  .ir  Feres  Base,,  which  constitutes  the  thecre- 
aj  ra'  :  ris  f-  :  tr.i.  ir  ”ect  L  "  .*  i  .  ■' .  7k-  sche~.~  arm  leys  exact  parametric  solution 

e-r  •  i  t.s  '~r  *  h-  *  :o-,  throe-,  four-,  and  f i va-p arameter- solid  models  in  analyzing 


Kazarian's  human  and  rhesus  monkey  experimental  da -a,  resulting  in  the  most  ape ro¬ 


omie  r.oce_  c; 


tv-  four  being  iaer.tified  fur  the  uata  associated  with  a  particular 
joint.  .1st  lunortantly,  the  r.eahs  d  allows  for  toe  deterslnatisr. 


one  m:c:.uni;;  1  pro '-eraies  •,  :'our.g's  moduli  ar.s  viscosity  coefficients,  assocaatec 
vriar.  ar.  "iaer.aif_ed  model",  once  the  values  fcr  the  "monel  parameters"  are  ur.inuely 
ie  a  a  rnlr.ed  frura  t.ue  experimental  strain  aata  of  a  particular  spinal  segment. 

Tr.e  general  objectives  of  the  research  were  to  refine  previously  developed 
'drama  In.  ,t.FC3?.-7£-357S<)  computer  programs  concerned  with  the  smoothing  and 
ante  reflation  of  experimental  strain  data,  and  to  reformulate  and  employ  computer 
oro. trams  representing  tne  "exact  analysis  scheme"  for  the  four  previously  indicated 


sc *10— me ce_  s  on  a^u.  of  ur «  ^ecn  _*  Kazaric 


ar.o  rnesus  monkey  experimental 


aata.  Btecifi tally,  prior  tc  its  inception  on  ’larch  1,  19£0  the  original  research 
embodied  tne  following  activities: 

'a)  refine  the  computer  programs  utilised  tc  smooth  and 
interrelate  Kazarian's  experimental  strain  data, 

' b,  refernulste  a  unified  modelling  theory  associated  with 
the  Burns -Kaieps  "exact  analysis  scheme"  for  the  Z-,  3~, 
and  j-parameter- solid  models, 

c/  chair,  tne  necessary  computer  programs  for  the  2-,  a-, 

ar.d  5-oarameter- solid  models  fcr  the  cpuick  and  efficient 
analysis  of  experimental  data, 

d  initiate  the  smoothing,  interpolation,  and  analysis  corn- 
outer  urograms  or.  Kazarian's  human  strain  data, 

( e ,,  initiate  the  loading  of  Kazarian's  experimental  data  from 
rnesus  monkey  spinal  segments  into  computer  files, 

(f;  submit  all  available  modelling  results  to  Ints  Kaieps  and 
Leon  E.  Kazarian  during  a  nic-August  meeting  at  Wright - 
Patterson  Air  Force  Ease  in  Dayton,  Ohio, 

( g  complete  the  modelling  analyst s  on  all  available  exper¬ 
imental.  data,  by  mid— December, 

:  submit  all  modelling  results  and  discuss  the  research 

nrogress  with  Ints  Kaieps  and  Leon  E.  Kazarian  at  our 
annual  meeting  in  December  at  ’..1  ..FI  in  Dag-tor.,  Ohio, 

:  -  r  arc  research  publications  for  arc  Journal  cf  Biome- 

-  ^  ~ -r  i'  r’cLlers,  Pr ^  ?’2-ccri3.r.  '  ~  rd  fouT*r.&.l  cf 
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.-.lthougn  continuous  effort  was  expended  and  steady  progress  maintained  to- 
s  the  timely  completion  of  the  research  activities,  it  was  obvious  by  mia- 
~.':  er  that  these  objc-  jt_ves  were  overly  optimistic  for  the  originally  granted 
ve-mor.th  time  frame.  Tr.is  was  tne  result  ir.  part  from  two  major  modifications 
he  original  proposal  and  progress  was  further  inhibited  from  October  through 
January  by  several  -unanticipated  developments. 


GRANT  MODIFICATION'S  AND  RESEARCH  ENCUMBRANCES 
Tne  intent  of  the  original  proposal  was  modified  in  two  significant  ways, 
udir.g  \1]  computer  equipment  and  (2)  experimental  data  format.  V.’ith  regards 
he  first  modification,  the  principal  investigator's  letter  dated  19th  February, 


requested  the  purchase  of  a  TriS-SO  Model 


macro-computer  s'  stem,  van  ten  woulc 

i  A  * 


tilitet  in  the  "commuter  analysis"  of  Dr.  Kazarian's  experimental  strain  data. 

equipment  was  intended  to  reduce  the  research  dependence  on  Tuskegee  Institute 
GDC  system  ar.c  minimize  that  system's  costs  for  "terminal  time  sharing"  and 


rams  cata  flues  storage-.  : ne 


x'nde'  ~~ 


..ooe_  _u  system,  ar.c_uaang  a  perapner&a 


ter  ar.d  acoustic  coupler,  was  functional  by  late  June  ana  has  beer,  found  com¬ 
ely  eatable  of  satisfing  the  original  objectives  detailed  in  the  afore  nentione 
uest  letter". 


"fermat"  c;  the  available  experiments —  data.  It  was  assumed  in  the  original 
: sal  that  Dr.  Kazarian's  experimental  strain  datum  for  approximately  400  inter- 
ebral  joints  were  available  on  151  computer  cards,  as  was  the  situation  for  the 
rt  supported  by  Grant  No.  AFCDR-78-3578.a.  Unlike  the  previous  research,  where 
experimental  strain  data  could  be  immediately  loaded  into  a  data- file  on  an 
DID  disk  via  a  card-reader,  the  "new"  experimental  data  was  available  in  digita 
on  "tnermal  printer  rolls",  which  necessitated  it  being  hand-typed  into  the 

pro grammatically  stored  in  aoprooriate  data-files.  Obviously, 


:em 


the  e.unerimer.tal  datum  on  computer  cards  was  essential  for  the 

"time  allctea"  for  data  entry 


stave. 


,  •-*  • 


vis  cr.jr.ii  ir.  tne  criminal  proposal.  uni s  unexpected  "cata  format"  was  further 
frustrated  'ey  not  havir r  the  "area  data"  associated  with  the  time-deformation 
of-:,  for  toe  sirrzy  rhesus  r.o n):ey  spiral  segment s.  Ir.  fact  it  was  nio-April  De¬ 
fer;  toe  "area  oat  a "  was  available  for  inclusion  with  the  time-deformation  datum. 
It  should  be  understood  that  the  "exact  analysis  scheme"  utilizes  tne  "area  data" 
ir.  r^alctir.r  tr.e  "mecnardcai  properties"  of  a  soinai  segment,  once  a  particular 
model  is  icer.tified  from  the  analysis  of  the  experimental  strain  data. 

essentially,  there  were  four  significant  delays  in  the  research  progress 
tors  up-  ml c -January,  which  re suites  from  the  following: 

{!,■  'unavailability  of  the  funded  one-sixth  release  time  for  a 
computer  assistant  during  the  spring.  19BD  semester, 

'  unanticipated  tine-demands  required  by  tne  new  equipment 
'lode!  II  so- stem)  purchase  and  the  incompatibility  of  the 
H.--100C  and  the  TH5-S0  Model  II  B.^5IC  computer  languages, 

'.3,  increased  time-demands  resulting  from  the  "format"  of  Dr. 
laoariar. ' s  rhesus  monkey  experimental  strain  datum, 

>.  unavailability  of  the  funded  cne-tr.ird  release  time  for 
the  principal  investigator  during  a  large  portion  of  the 
fall,  IQ83  semester. 

lacr.  of  t.nese  delays  and  their  consequential  impact  on  the  research  effort  were 

fully  discussed  in  the  December  3rd ,  1980  "Progress  Report  and  Time  extension 

he  rue  si’  and,  as  such,  will  not  be  detailed  herein.  However,  one  additional  ob- 

•.ctivr  stated  in  that  request,  whicn  was  not  contained  in  the  original  proposal, 

is  indicated  selov  for  completeness: 

develop  ana  implement  a  computer  program  on  the  TRS-80 
loaei  II  system  for  "optimizing"  the  values  of  the  mechan¬ 
ical  properties  predicted  by  any  cne  of  the  four  solid- 


Vi' •qc*  • 

■  ■  ....  .KR...,  ■  .  .«uJU«J  «lj 

■.Ittourr.  t.te  above  time-delays  impeded  the  research  accomplishments  on  items 
i  cf  the  original  objectives,  ail  other  objectives  were  successfully  com- 


*  p*  ••  r 


a  0 w 1  G  *  i/T •  }lciiJ<-iT,A.ai2'.  1  J 


,ro.ir.  ar-to.  zr.c-  rrote^_ir. e: iotas  ./ere  reduced  to 


'-human  -td  5c-rhccua  mor.xey  intervertebral  jc._r.ts. 


-o- 


i'r.e  research  accompli shnents  on  these  "two'  sets  of  data"  will  be  detailed  senar- 
ately,  as  the  human  intervertebral  joint  data  was  fully  analysed  on  tne  HP-2000 


c-**  c-'*’  c.  - 


Three  re.rn.rte  terminals  of  the  HP-2003  system,  were  simultaneously  utilized  in 
analysing  tne  lunar,  experimental  data  and  displaying  tne  results  ( chaned  analysis 
programs  involving  the  two-,  three-,  and  four-parameter  solid  models;  programatic 
plot  involving  error  analysis  of  the  experimental  and  model  (2,  3,  4)  predicted 
strair.-tine  values;  real  time  plot  of  original  and  moael  (2,  3,  4}  predicted  strain- 
time  value s j  for  each  set  of  experimental  strain  data  of  the  47-hunan  intervertebral 
;c_r.ts,  superior  results  were  obtained  from  this  effort  and  are  partially  illus¬ 
trates  in  Tables  I,  IT,  III,  and  IV.  Table  I  simply  offers  an  overview  of  the 
prediction  capability  and  accuracy  of  the  three  models  for  each  of  the  47-hunan 
spinal  segments.  Table  II  clearly  illustrates  the  ineptness  of  the  two-parameter- 
sclis  model  :  cne-Helvin-unit;  in  predicting  the  observed  compressive  creep  behavior, 
ever,  though  four  spinal  segments  (I.D.  No.  2,  8,  53>  and  56)  had  acceptable  average 
errors  of  5*  cr  less.  It  should  be  noted  that  the  "average  of  the  absolute  oercer.t 
err: r",  denotes  as  A'.TAA.GI.  A35  (,1  HHHCK )  in  tne  tables,  is  defined  in  terms  of  the 
exosrim.ertal,  f  t..  ,  tr,  and  model  predicted,  strain  values  as 

—  -  a. 

where  1'  is  the  number  of  experimental  data  values.  As  can  be  seen  in  the  real-time 
clcts  centering  the  experimental  compressive  creep  response  for  tne  47-human  inter¬ 
vertebral  joints,  by  Kazarian,  with  the  two-parameter- solid  model  predictions  by  the 
Burr. s-Kaleps  exact  analysis  scheme  (six  14l-p£ge  copies  of  these  real-time  plots  ac- 
ctmr.any  this  retort  under  separate  cover),  the  model  is  incapable  of  closely  predic- 
rir.  ~  t.t-  initial  oer.avicr  cf  the  experimental  strain-time  response.  It  is  for  this 

error  is  excessive,  aitnougn  some  improvement  is  obviously 
"ortiniraticr.  rchtru'  or.  tr.e  r.ooel  parameters. 

.or- so  lid  mt dels  yielded  superior  moaelling 


■  -  o  r  y*c 


.. ^  .  -  v,. 

.  ^  L.*  ; 


results,  as  is  illustrated  by  Tables  HI  and  IV,  respectively.  As  observed  in 
Table  HI,  the  three-parameter-solid  model  yields  calculated  straj.r.  values  that 


'  *  1  \rf~  _  ”  S.T:  c GrrCT  C'i  .) , 
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. luoarian)  values  fcr  the  4? -human  intervertebral  joints;  wnereas,  tne  four- 
parameter-  sc  lid  model  (Table  JV)  illustrates  a  collective  average  error  of  A.4l6£. 
It  should  be  enphasiz.ec  that  ir.  “'general'  the  four-parameter  model  is  capable  of 
predicting  the  entire  range  of  experimental  strain  values  better  than  the  tnree- 
paraaeter  model.  This  is  quickly  perceived  by  viewing  Figure  I  (or  the  real-time 
plots  -under  separate  cover)  ana  realizing  that  the  three-parameter-solid  model 
H?SX)  values  are  essentially  "optimized";  whereas,  the  values  representative  of 
the  four-parameter- solid  monel  (APSII)  are  not  optimized.  .Tost  importantly,  how¬ 
ever,  a he  four-parameter  model  is  capable  of  predicting  the  observed  strain-time 
benavior  at  values  of  time  that  are  close  to  t  -  0,  while  by  design  the  three- 
parameter  model  is  seriously  lacking  in  this  predictability.  It  should  be  noted 
tnat  the  researcr.  supported  by  C-rant  ho.  AFCSR-7c— 2578A,  or.  which  the  Bums  and 
Kaieps  (i960;  publication  was  based,  was  only  partially  successful  ir.  modelling 
Kazarian's  (1975)  human  intervertebral  joint  data.  In  fact  the  two-parameter  anc 
four-parameter-sclid  models  were  completely  unsuccessful  during  that  effort,  while 
the  thre e - oa ramec e r- solid  moael  yielded  good  res-alts  on  only  twenty  of  the  forty- 
sover.  human  spinal  segments.  The  effort  expensed  curing  the  current  research  in¬ 
vestigation  on  improving  tne  "smoothing",  "interpolation",  and  "modelling"  com¬ 
muter  programs  is  primarily  responsible  for  the  superior  results  obtained.  It 
bears  stating  that  an  average  absolute-percent-error  cf  approximately  2“5  (as 
oefir.ed  by  tne  above  equation./  is  exceptionally  rood,  since  the  observed  strain- 
time  data  probably  has  as  large  cr  greater  experimental  error. 

Tne  modelling  cf  the  59-rhesus  monkey  spinal  segments  (identified  in  Table  V) 
vo-  Initiated  cr.  the  7P.5-8D  To  del  II  system.  Dus  to  the  "time-delays"  and  unavs.il- 
''or  -  -  -.via"  an  discussed  previously,  the  analysis  effort  was  continuously 
•••  .  an:  ul  -  1-.  f-.-ly  inhibited  by  the  'lo  o.:  cf  grant  supported"  release  time  fcr 


as  c 


he  corns,  u ter  results  for 


nly  the  two - s  a  rare  ter- so  lid  model  has  "beer,  utilized.  " 
this  model  are  fully  illustrated  ir.  Table  VI  for  the  59-rnesus  monkey  stinal  seg- 
mc r. *  s  with  mixed  but  encouraging  prcaictior.s.  The  mate  represented  ir,  Table  VI  is 
"gm: uyedr  together  for  each  of  the  59- specimens,  with  the  first  line  identifying 
tire  experimental  spinal  segment .  Ir.  the  first  group  of  results  per  specimen,  AT 
ar.c  51  are  tr.e  "model  parameters"  predicted  by  the  Burrs-Kaleps  "exact  analysis 
scheme"  (detailed  in  the  Burns  and  Kaieps  { I960)  publication),  while  El  and  N1 
(CG3  units)  are  the  model  predicted  material  properties  (Young's  modulus  and  vis¬ 
cosity  coefficient,  respectively).  The  number  of  experimental  "creep"  data  points 
analyzed  is  represented  bt*  K,  while  T1  and  T2  represent  the  initial  and  final  time 
(ir.  minute s)  for  the  data  range.  El  is  the  AVERAGE  %  ERROR,  R2  is  the  AVERAGE  ABS 
\:r  E.EROE) ,  and  ir.  this  context  R1  indicates  the  "goodness  of  fit” "while  R2  resre- 
of  fit".  Ideally,  R1  would  be  very  close  to  zero  and  R2  would 
the  model  is  appropriate  for  the  experimental  data  analysed, 
group”  of  results  per  specimen  is  representative  cf  the  "model 
'second  group”  illustrates  the  "optimization"  of  the  1st  group's 
.ues  Al  and  El  (and  hence  tne  mechanical  properties  El  and  Nl). 
*ly  illustrate  the  acvar.tage  cf  the  "exact  analysis  scheme"  in 
the  mechanical  properties  predicted  by  the  model  analysis  are 
'optimized"  values.  Tr.e  results  are  most  encouraging  and  sur¬ 
prising  because  twenty-four  of  the  59  spinal  segments  analyzed  yielded  results 
under  ITT  for  the  AVERAGE -AEGOLUTE  %  ERROR,  with  nine  of  these  being  6%  or  less. 
Clearly,  the  two-parameter-solid  model  is  appropriate  for  RK57,  since  the  AVIEAGE- 
AESGl'.TE  f  ERROR  over  all  of  the  data  points  is  only  1.55S.  By  comparing  the 
results  cf  Table  VI  with  those  obtained  by  the  same  model  for  the  47 -human  spinal 
segments  (Table  II),  it  appears  that  a  correlation  is  possible  between  human  and 
rhesus  monkey  spinal  behavior  and  that  the  three-parameter-solid  model  should 
-1:1-  sv  trior  results  for  all  of  the  rhesus  msr.key  data.  Unfortunately  the  ar.al- 
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Its  detailed  r.  ere  in  for  the  two  -parameter-  solid  model  were  obtained 
investigator  after  the  grant  expiration  date  of  May  11,  1981.  Tr.e 
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future ,  at  wr.icr.  tire 


1  be  rate  available  tc.  the  "concerned  parties"  at  V.'rignt-P  at  terser.  .-.in 


RESEARCH  PRESENTATIONS  Ail-  PUBLICATIONS 

Slowing  presentation  and  publication  have  occurred  during  the  past  year: 

Simulating  Compressive  Creep  Phenomena  of  Intervertebral  Discs 
r.der  Social  Loading  by  Exact  Rarametric  Solutions  of  Kelvin-Solid 
oceis",  M  L.  Burns,  Review  cf  Air  Force  Sponsored  Research  ir. 
r.v irorur.er.ta!  physiology.-  and  Biomechanics,  23-25  Sept.,  31  (1922) . 

-_nalysis  of  Load-Defiecticr.  Behavior  cf  Intervertebral" Discs  Under 
xial  Compression  Using  Lxact  parametric  Solutions  of  Kelvin-Sciid 
.ode_s”,  K.  L.  Bums,  I.  Kaieps,  J.  Biomechanics,  13/11,  959  (1980). 

tails  cf  trie  articles  cited  below  are  "nearly''  comoleted  and  will  be 

or  puolicatior.  in  the  year  indicated.  Collectively,  t.ney  will  represent 

xitive  resource  in  this  area  cf  researcr.,  becoming  primary.-  references 

nvestigators  ir.  related  areas. 

..r.alysis  cf  Load-De flection  Behavior  of  Human  Intervertebral  Discs 
'r.der  Axial  Compression  Using  Lxact  parametric  Solutions  for  the  2-, 

-,  ar.d  ..-Parameter-Solid  Models".  M.  1.  Bams,  I.  Kaieps,  1.  E. 


"Analysis  of  Compressive  Creep,  Lena vie r  cf  Rhesus  Monkey  Intervertebral 
uses  Subjected  to  Axial  loading  Using  Lxact  Parametric  Solutions  for 
re  2-  ana  3-Parameter-Solic  Models",  1.  1.  Burns,  I.  Kaieps,  1.  1. 
izariar.,  J.  Biomechanics,  (submission  pending),  (1982). 

'AnaLyti cal  Modelling  of  Cospressive  Creep  phenomena  Using  lxact 
arametric  Sclutions  cf  Kelvin-Solid  ar.d  Maxwell-Fluid  Models",  M. 

.  Burns,  I.  Kaieps,  J.  Biomechanical  Engineering,  (submission 
ending),  (1982). 
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ffort  known  to  date  that  has  successfully  modellea  creep  response 
spinal  segments  by  a  four-parameter- solid  model.  Tne  results  tend 
tr.e  four-p aramoter  monel  ana  ahe  mechanical  oronerties  calculaaec 


t.-.erery  arc  more  appropriate  than  those  predicted  by  the  "celebrated'1  three- 
parameter-solid  model  for  human  spinal  segments.  Although  tne  analysis  results 
for  zr.e  rr.esus  monkey  datum  are  incomplete,  the  results  illustrated  from  the  two- 
parameter-solid  model  are  most  encouraging,  Tne  three-parameter- solid  model  anal¬ 
ysis  of  rr.esus  monkey  datum  is  expected  to  yield  excellent  results,  thereby  al¬ 
lowing  a  correlation  of  the  mechanical  properties  and  spinal  behavior  between  human 
and  rr.esus  monkey  specimens.  Tnese  results  add  considerable  support  to  the  con¬ 
tinuation  of  this  researcr  effort  and  the  continued  utilization  and  development  of 
the  lurrs-haleps  "exact  analysis  scheme"  ir.  modelling  the  creep  behavior  cf  exper¬ 
imental  cavum  from  biological  tissues  (bone,  ligaments,  spinal  segments,  and  tendons). 
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A  comparison  of  the  experimental  compressive  creep  response 
for  the  human  T7  -  To  intervertebral  joint,  by  Kazarian, 
v.-ith  the  predictions  of  a  three-parameter-solid  model  (3PSK) 
and  a  four-parameter- solid  model  (4?Sif)»  by  the  Bums-Ealeps 
exact  analysis  scheme. 


4-  -I 


Table  I 

A  comparison  c-f  the  2-,  5->  ar.d  l-paraneter-soiid  models 
ir.  their  ability  to  predict  Kazarian's  experimental  datum 
for  17  human  intervertebral  joints. 
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Coroarison  of  the  2-,  3-,  and  4-Parameter-Solid  Models 

AVERAGE  ABS(%  ERROR) 


Test 

Spinal 

2-Parameter 

3-Parameter 

4-Parameter 

—  » •  ^ 

— '  •  •’  V  • 

Se  intents 

1-io  del 

Model 

Model 

X 

T1  -  T2 

19.92 

4.840 

4.440 

2 

T2  -  T3 

5.735 

.6767 

3.572 

T1  -  T5 

12.15 

2.418 

3.980 

5 

T5  -  T6 

11.99 

.9041 

1.473 

'PA  _  "*7 

A  W  4.  , 

15.66 

2.345 

4.194 

n 

( 

T7  -  T8 

11.81 

1.913 

2.372 

8 

T8  -  T9 

5.510 

2.420 

10.51 

c 

T9  -  T10 

25.52 

2.009 

6.044 

10 

no  -  tii 

14.56 

1.603 

4.405 

16 

T2  -  T3 

19.28 

11.35 

6.953 

17 

T3  -  T4 

13.15 

1.265 

6.212 

18 

T4  -  T5 

15.80 

1.721 

3.029 

19 

T5  -  To 

19.51 

1.830 

5.649 

20 

To  -  T7 

18.87 

1.452 

3.148 

21 

T7  -  T6 

19.85 

2.457 

4.834 

22 

T8  -  T9 

18.89 

1.604 

2.634 

23 

T9  -  T10 

19.02 

1.805 

3.136 

21 

HO  -  Til 

20.82 

1.647 

2.527 

25 

Til  -  T12 

17.09 

1.383 

3.518 

26 

712-11 

17.33 

1.006 

5.138 

2P 

11-12 

15.93 

2.412 

2.674 

28 

12  -  13 

23.24 

2.400 

4.280 

29 

♦  O  r  i 

iO  “  AJ. 

18.52 

.9755 

2.543 

■an 

LI  -  15 

16.38 

1.770 

6.223 

r. «• 

15  -  SI 

16.56 

3.966 

8.015 

15  -  SI 

10.86 

1.714 

3.028 

44 

13  -  U 

5.849 

1.883 

3.222 

45 

L2  -  L3 

15.00 

2.910 

5.435 

17 

Til  -  T12 

12.87 

2.438 

9.346 

**£ 

712  “  H 

11.25 

1.524 

1.895 

i  c 

T?  -  T10 

11.95 

2.880 

19.68 

50 

m  P  mi  * 

7.026 

1.958 

4.710 

51 

C't  T'C 

i  w  "  *  / 

9.671 

2.793 

3.796 

52 

T7  -  Tc 

20.84 

2.448 

6.532 

53 

TA  -  T5 

3.085 

.4655 

2.732 

51 

To  -  71 

6.415 

.4647 

2.935 

5o 

T5  -  To 

4.474 

1.624 

2.350 

57 

T2  -  T3 

24.41 

2.362 

2.267 

CO 
/  * 

T9  -  T10 

12.92 

1.185 

1.287 

60 

r>;  mr 

14.09 

3.745 

3.137 

61 

mZ  _  'T'4 

O  —  1.0 

15.71 

2.302 

3.075 

62 

m6  —  T? 

15.55 

1.771 

4.643 

4a 

''S 

Til  -  T12 

23.72 

3.405 

3.743 

64 

77  -  T£ 

14.49 

3.933 

3.447 

65 

T1 0  -  Til 

12.44 

4.218 

3.638 

66 

T3  -  T9 

14.69 

2.837 

2.656 

68 

712  -  11 

24.54 

1.699 

3.321 

Table  II 


Youth's  modulus  and  the  viscosity  coefficient  predicted 
by  the  two-parameter- solid  model  from  Kazarian’s  datum 
or.  47  human  intervertebral  joints.  A  comparison  of  the 
predicted  strain  values,  cf  the  lums-Kaleps 

e;:act  analysis  scneae  with  the  strain  values  obtained 
experimentally,  ^(ty)e-^,  by  Kazarian  is  represented  as 
an  "average  of  tn&  absolute  %  error"  for  each  disc. 


2-Paraoeter-Solid  Model 


Test 

I. I.  No. 

Spiral 

Se  rrrent  s 

A res. 

(so  cm) 

Height 

(cm) 

Young's  Modulus 
(xlQc  g/cm-s2) 

Viscosity  Coef. 
(xlO11  e/ce-s) 

Average 
ABS(?  Error) 

2_ 

T1  -  T2 

4.146 

2.445 

.9639 

6.99e 

19.92 

2 

.4  —  O 

5.619 

2.515 

1.314 

.6806 

5.735 

T„  -  T5 

5.181 

2.280 

2.188 

5.944 

12.15 

c 

T5  -  To 

5.568 

2.085 

1.132 

4.486 

11.99 

6 

Tc  -  T7 

6.490 

2.670 

.5785 

2.840 

15.66 

fwr?  mp 

7.632 

2.755 

1.080 

2.232 

11.81 

c 

£.123 

1.194 

.5713 

.1215 

5.510 

0 

*tvc  _  q 

7.781 

2.240 

1.044 

7.015 

15.52 

10 

«*>  »**  T 

8.961 

3.920 

1.197 

6.215 

14.56 

16 

T2  -  T3 

5.787 

2.431 

.5518 

2.096 

19.28 

17 

T3  -  T4 

5.146 

2.585 

1.840 

10.61 

13.15 

16 

T*.  -  T5 

5.310 

2.445 

.9504 

4.754 

15.80 

19 

?5  -  To 

5.800 

2.240 

4.037 

18.78 

19.51 

20 

To  -  T7 

6.123 

2.340 

1.881 

6.215 

18.87 

O'! 

T7  -  TS 

6.161 

2.670 

.4123 

.9647 

19.85 

4.  *4 

T6  -  T9 

8.032 

2.615 

.4930 

2.208 

18.89 

rnr~  mT 

—  xXU 

9.123 

2.670 

.6828 

4.804 

19.02 

21 

TIC  -  Til 

10.329 

2.795 

.5257 

2.985 

20.82 

25 

Til  -  T12 

11.800 

3.515 

.6598 

3.498 

17.09 

2o 

712  -  LI 

11.181 

3.725 

.6273 

3.617 

17.33 

2? 

LI  -  L2 

11.813 

3.900 

.8351 

3.776 

15.93 

26 

14.219 

3.535 

.3185 

2.117 

23.24 

29 

L3  -  L4 

14.168 

3.165 

.5822 

5.297 

18.52 

30 

Lu  -  L5 

17.219 

3.160 

.4841 

2.195 

16.38 

-  r  _  c* 

w-h. 

25.615 

3.760 

.1748 

.6159 

16.56 

L2- 

L5  -  51 

19.213 

4.350 

.3960 

1.158 

10.86 

41 

L3  -  L4 

19.639 

4.090 

1.478 

1.116 

5.649 

45 

L2  -  L3 

18.523 

2.635 

.3239 

1.266 

15.00 

47 

711  -  T12 

19.34e 

2.789 

.4131 

1.932 

12.87 

'  r 

712  -  U 

24.181 

2.340 

.4953 

1.136 

11.25 

49 

T9  -  T10 

19.987 

2.171 

.2776 

1.027 

11.95 

50 

710  -  TU 

18.256 

2.180 

.4156 

2.700 

7.026 

51 

Tc  -  T9 

17. 110 

2.163 

.4054 

.7523 

9.671 

52 

TO  -  Tfi 

16.213 

2.645 

.3927 

2.645 

20.84 

✓  ^ 

1^.032 

1.965 

.9167 

.2130 

3.085 

54 

Tc  -  77 

11.858 

2.600 

.5589 

.8911 

6.415 

56 

75  -  To 

14.729 

1.98C 

.4440 

.2414 

4.474 

r? 

rr~  r-  #n7 

*40  — 

9.929 

2.160 

.4317 

.3973 

24.41 

59 

T9  -  710 

16.813 

2.775 

.255 8 

.6613 

12.92 

60 

Th  -  T5 

11.142 

2.240 

.2596 

1.306 

14.09 

61 

75  -  To 

10.432 

1.895 

.3594 

2.064 

15.71 

62 

76  -  77 

12.329 

1.850 

.3356 

1.422 

15.55 

63 

rrr-  i  ^  rrT^^ 

16.503 

2.975 

.3777 

6.587 

23.72 

04 

77  -  T6 

13.690 

2.660 

1.035 

3.519 

14.49 

65 

no  -  7ii 

14.561 

2.765 

.5848 

3.470 

12.44 

66 

78-79 

16.329 

2.705 

.6893 

1.905 

14.69 

66 

712  -  Li 

16.503 

2.935 

.3881 

7.376 

24.54 

Table  III 

Young's  moduli  and  the  viscosity  coefficient  predicted 
by  the  three-parameter- solid  model  from  Kazarian's  datum 
on  forty-seven  human  intervertebral  joints.  A  comparison 
cf  the  predicted  strain  \*alues,  £(ti)Cal>  c-  the  Burr.s- 
Kaleps  exact  analysis  scheme  with  the  strain  values 
obtained  experimentally,  6(tj_)eX2,  by  Kazarian  is  repre¬ 
sented  as  an  "average  of  the  absolute  percent  error"  for 
each  of  the  17  spinal  segments. 


3-Parameter-Solid  Model 


Test 

Spinal 

Segments 

Area 

Uq  cm) 

Height 

L9r) 

loung1 
( xlO® 
El 

'  s  Moduli 
g/ca-s2) 

£2 

Viscosity  Coef. 
(xlCr2  g/ca-s) 

Average 
ABS( 2  Error) 

2_ 

T1  -  T2 

4.148 

2.445 

1.537 

2.516 

~  ■'  ■  i. 

1.737 

4.e40 

2 

T2  -  T3 

5.619 

2.515 

3.494 

2.041 

.4972 

.6767 

- 

TV  rp  ~ 

*  **  *  S 

5.iei 

2.280 

6.520 

3.261 

3.644 

2.418 

a 

✓ 

T5  -  To 

5.568 

2.085 

2.006 

2.515 

1.312 

.9041 

6 

T6  -  T7 

6.490 

2.670 

1.089 

1.195 

.9668 

2.345 

r 

i 

T7  -  T8 

7.632 

2.755 

1.847 

2.375 

.6643 

1.913 

£ 

T8  -  T9 

8.123 

1.194 

1.609 

.6174 

9.951 

2.420 

c 

TO  -  710 

7.781 

2.240 

1.574 

2.156 

2.931 

2.009 

1C 

TIC  -  Til 

8.961 

3.920 

1.684 

2.406 

2.728 

1.603 

16 

T2  -  T3 

5.787 

2.431 

1.709 

.7219 

2.701 

11.35 

17 

T3  -  T4 

5.148 

2.585 

2.425 

4.729 

3.171 

1.265 

18 

TO  -  T5 

5.310 

2.445 

1.589 

1.991 

1.661 

1.721 

19 

T5  -  To 

5.800 

2.240 

15.61 

4.933 

20.98 

1.830 

20 

T6  -  T7 

6.123 

2.340 

6.213 

2.462 

8.357 

1.452 

21 

T7  -  T8 

8.161 

2.670 

1.528 

.5934 

.5397 

2.457 

'-i 

T8  -  T9 

8.032 

2.615 

.9229 

.9479 

.8675 

1.604 

£3 

T9  -  TIC 

9.123 

2.670 

.9761 

1.732 

1.337 

1.805 

2m 

T10  -  Til 

10.329 

2.795 

1.089 

1.002 

1.068 

1.647 

25 

Til  -  T12 

11.800 

3.515 

1.347 

.9843 

3.436 

1.383 

26 

T12  -  LI 

11.181 

3.725 

2.304 

1.132 

3.248 

1.006 

27 

LI  -  L2 

11.813 

3.900 

1.992 

1.261 

2.964 

2.412 

2e 

L2  -  L3 

14.219 

3.535 

.5875 

.5786 

1.028 

2.400 

29 

L3  -  U 

14.168 

3.165 

.8527 

1.359 

1.606 

.9755 

30 

L4  -  L5 

17.219 

3.160 

.9414 

.8826 

.9423 

1.770 

31 

L5  -  SI 

25.613 

3.760 

.4162 

.2935 

.2475 

3.986 

3-Parameter-Solid  Model 


bcgz.er.uS 

Area 

(  sc  cm) 

Height 

(cm) 

Young's  Moduli 
(xlO®  g/cm-s^) 

E1  E2 

Viscosity  Coef. 
(xKp-2  g/cm-s) 

1 

Average 

ABS(£  Error) 

15  -  SI 

19.213 

4.350 

.8581 

.  6434 

.5912 

1.714 

13  -  14 

19.639 

4.090 

20.73 

1.623 

7.291 

1.883 

x^C  ”* 

18.523 

2.635 

.001476 

.4073 

2.988 

2.910 

Til  -  712 

19.348 

2.789 

.7506 

.9850 

.4332 

2.438 

712  -  LI 

24.181 

2.340 

2.468 

.5968 

2.016 

1.524 

f 

►3 

H* 

O 

19.987 

2.171 

.5375 

.5850 

.2535 

2.880 

710  -  Til 

18.256 

2.180 

.4967 

2.519 

.3836 

1.958 

7c  -  79 

17.110 

2.163 

.7211 

.8103 

.2403 

2.793 

77  -  T3 

16.213 

2.645 

.6098 

1.282 

.2995 

2.448 

r*  m  r 

14  -  1.P 

14.032 

1.965 

6.312 

1.037 

1.262 

.4655 

^6  —  T7 

11.858 

2.600 

1.333 

.9210 

.4274 

.4647 

75  -  76 

14.729 

1.980 

1.212 

.6726 

.1634 

1.624 

72-73 

9.929 

2.160 

.7696 

1.138 

.6707 

2.362 

_  wif) 

16.813 

2.775 

.6256 

.3378 

1.067 

1.185 

rr  mr 

14.  -  1  > 

11.142 

2.240 

.5680 

.4761 

.4915 

3.745 

75  -  To 

10.432 

1.895 

.5837 

.8969 

.5810 

2.466 

To  -  77 

12.329 

1.850 

.5383 

.7909 

.4042 

1.771 

16.503 

2.975 

.7111 

.8390 

1.805 

3.405 

77-78 

13.690 

2.660 

3.126 

1.343 

4.711 

3.933 

710  -  711 

14.561 

2.765 

.6621 

1.126 

1.961 

4.218 

78-79 

16.329 

2.705 

11.10 

.7764 

7.435 

2.837 

712  -  LI 

16.503 

2.935 

.6645 

1.076 

1.767 

1.699 

Table  IV 


Young's  moduli  and  the  viscosity  coefficients  predicted 
by  ane  four-parameter- solid  model  from  Kazarian's  datum 
or.  forty-seven  human  intervertebral  joints.  L  comparison 
of  the  predicted  strain  values,  (( t^ )C£]_,  of  the  Burns- 
Kaleps  exact  analysis  scheme  with  the  experimental  strain 
values,  £(tj_)exn,  obtained  by  Kazarian  is  represented  as 
an  "average  of  the  absolute  percent  error"  for  each  cf 
tne  forty-seven  spinal  segments. 


l-Paraneter-Solid  Model 


,l1 

Area 

\sz  c Z.J 

Height 

Young’s  I'oauli 

(xlO^  g/cn-s2) 

-1  E2 

Viscosity  Coef. 

( xlQll  g/ca-s) 

^1  ^2 

Average 

ABS( £  Em 

7.- 

4  .  i  ii  £ 

2.U5 

2.556 

1.530 

.6985 

16.95 

1.110 

73 

5.619 

2.515 

5.736 

1.705 

10.71 

.3868 

3.572 

7;" 

5.161 

2, 2S0 

3.4-30 

6.289 

.9111 

25.86 

3.980 

m  £ 

*  w 

5.568 

2.0S5 

2.111 

2.392 

11.52 

.1575 

1.173 

T7 

6.190 

2.670 

1.172 

1.131 

10.60 

.2066 

1.191 

77 

7.632 

2.755 

2.052 

2.165 

7.817 

.2521 

2.372 

8.123 

1.191 

6.630 

.5956  121.9 

.1100 

1C.  51 

tic 

rroi 

n*  o ;  ^ 

-1  • 

2.091 

1.518 

1.131 

32. 68 

6.011 

71^. 

e.96i 

2.920 

1.831 

2.197 

21.65 

.8123 

1.105 

73 

5.787 

2.131 

.9581 

.4252 

9.279 

6.953 

7^ 

5.118 

2.5=5 

2.7  (■  2 

4 .18-i 

32.75 

3.883 

6.212 

-  y 

5.210 

T 

1.909 

— .  5  0 

•  3870 

18.65 

3 .029 

r  -  r 

A 

5.800 

2.210 

5.254 

12.95 

1.615 

163.1 

5.619 

fTV*7 

-  / 

6.123 

2.310 

2.673 

6.721 

.1581 

37.91 

3.118 

'T’C 

£.161 

2.670 

.5171 

1.752 

.09519 

9.706 

1.831 

»nc 

£.032 

2.615 

.8151 

.8358 

.1262 

13.66 

2.631 

71C 

9.123 

2.670 

1.60  9 

.9772 

.3226 

15.00 

1  7A 

n  •  —  - 

711 

10.329 

2.795 

.9136 

1.260 

.1195 

13.51 

2.527 

no  ^ 

-1-X .  £  J'J 

c  O  c 
> «  5— ✓ 

.9111 

1.709 

.2517 

33.37 

3.518 

LI 

11.181 

•3  r7or 

>  •  (  O 

1.097 

2,537 

.3273 

31.22 

5.138 

L2 

11. £13 

3.900 

1.210 

2.136 

.1167 

26.92 

2.671 

w 

11.219 

3.535 

.6255 

oo<:2 

10.11 

.1191 

1.280 

Li 

11.168 

3.165 

1.301 

.7765 

.3715 

18.38 

2.523 

L5 

17.219 

3.160 

.8185 

.7133 

.1021 

11.36 

6.223 

2^.61- 

3.760 

.2351 

.1111 

.1818 

7.761 

8.015 

4-Para 

neter-Solid 

Model 

Young 1  e  !■ 

loculi 

VisccEit 

y  Ooei, 

.-.rec. 

Height 

(;lLC^  g/ca-s^) 

(:dOH  c 

/cr-s, 

Average 

vS':  CW 

L1 

Lo 

*1 

Kr 

AEO.'I:  Irrcr ) 

-1.  7*  •  -  «^‘ 

4.350 

.5533 

1.109 

.2977 

10.50 

3.02c 

-9.639 

4.090 

9.795 

1.585 

201.6 

.4873 

3.222 

0-.523 

—  •  ✓ 

.1156 

.4131 

27.24 

.2856 

5.^35 

ic.348 

2.789 

"J  r\»— 7 

.5904 

1.412 

5.203 

9.3x6 

24.181 

2.340 

.5883 

1.692 

.1107 

27.77 

1.895 

19.987 

2.171 

.6339 

.5035 

3.522 

2.319 

19.88 

18.236 

2.180 

2.530 

.4843 

4.562 

3.836 

4. 1 10 

—  ,  •  u  J 

2.163 

.0925 

.6709 

.03540 

3.775 

■  7“ 

lc.213 

2.645 

•  6x18 

.7744 

.9187 

14.86 

o.5^^ 

14.032 

1.965 

22.13 

.9653 

34.31 

.05332 

2.732 

11.858 

2.600 

1.454 

.9422 

x  •  630 

.08159 

2.935 

* .  .709 

J-.900 

1.35o 

.6109 

2.812 

•0o332 

2.350 

9.929 

2.1o0 

1.065 

.7299 

.1457 

8.153 

2.257 

10.813 

2.775 

.3280 

.6477 

.07844 

l<x .  o4 

1.28? 

11.142 

2.240 

,u424 

.5541 

.1525 

6.862 

3.137 

10.432 

1.895 

.8086 

.5288 

.2247 

7.303 

^  > 

12.329 

1  r<n 

.5694 

.7587 

4.124 

.20oS 

p‘  *3 

*-r  • 

10.503 

2.975 

.7793 

.  9  69w 

.5481 

20.69 

2*74-3 

13.o90 

2.06O 

1  ccc 

x  •  x  x  / 

2.970 

.2139 

12.93 

3  • 

lx. 561 

2.765 

.9871 

.5945 

.3767 

24.58 

3. 838 

16.329 

2.705 

13.35 

.7622 

44.69 

.02962 

2.656 

lo.503 

2.c35 

.6523 

1,021 

19.40 

.3047 

*5  C-1 

Table  VI 

•■'echsr.ical  properties  and  error  results  (as  defined  on 
p.  £,  predicted  by  the  two-parameter- solid  model  analysis 
of  Lr.  Leon  1.  Kazarian's  datum  on  fifty-nine  rhesus 
monkey  spinal  segments. 
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